Cultures of chicken embryo fibroblasts infected with the temperature-sensitive transformation mutant of Rous sarcoma virus, tsLA24PR-A, were arrested between mitosis and S phase by exposure to serum-free medium at the non-permissive temperature (4I °C) for 2 days. On shifting to the permissive temperature (35 °C) the cells assumed a transformed morphology and increased uptake of [2-3H]-deoxyglucose. There was a concomitant increase in acid insoluble [3H]-thymidine uptake and the percentage of nuclei autoradiographically labelled with [3H]-thymidine. This suggests that the virus transforming function can cause stationary ceils to enter their growth cycle.
INTRODUCTION
When Rous sarcoma virus (RSV) infects cells rendered stationary in serum-depleted medium the efficiency of cell transformation and virus replication is greatly reduced (Bader, I966; Temin, 1967) . However, under these conditions the virus becomes stably associated with the cell and when cellular DNA synthesis and division are stimulated by addition of serum, virus replicates and the cell transforms (Humphries & Temin, I97a) . Since subsequent arrest and synchronization of transformed cultures is difficult, it is not yet clear to what extent events in the cell cycle are related to the continued expression of virus functions. We have obtained viable stationary cultures of RSV-infected cells by utilizing a transformation defective temperature sensitive (ts) virus mutant and arresting infected but phenotypically normal cells by serum depletion at non-permissive temperature. We show here that a late step in the control of transformation, represented by shifting the ts RSV-infected cells to permissive temperature, is serum independent. In contrast, production of infectious virus is greatly reduced in the absence of serum.
METHODS
Cell cultures. Chicken embryo fibroblast (CEF) cultures of C/E phenotype were prepared from Brown Leghorn embryos (Houghton Poultry Research Station, Huntingdon, England) by standard techniques (Vogt, I969) . Cultures were maintained in Dulbecco's modified Eagle's medium supplemented with Io % tryptose phosphate broth, 4 % calf serum and 1% chick serum (complete medium: CM). Secondary cultures were seeded at 3 × IoO in 9 cm Nunc plastic Petri dishes and infected with Io 6 focus forming units (f.f.u.) of the Rous sarcoma virus mutant tsLA24PR-A. This virus is temperature-sensitive in a function continuously required for the maintenance of cell transformation, the permissive temperature being 35 °C, the restrictive 4t °C (Wyke & Linial, I973) . It shows no defect in virus replication. As a further control for the effects of virus replication, duplicate cultures were infected with non-transforming Rous-associated virus 1 (RAV I). After incubation for 3 days at 35 °C the infected cells were subcultured and transferred to 4I °C. Three days later they were passaged again and plated at 6 × Io 5 in 3 cm dishes for later measurement of [2-3H]deoxyglucose uptake, at I'5 × Io 6 in 5 cm dishes for measurement of [~H]-thymidine uptake, virus release and cell counts, and at 2"5 × Io 5 in 3 cm dishes for autoradiography. After I day they were washed twice in unsupplemented medium and maintained in Eagle's medium containing Io % tryptose phosphate broth (ET) for a further 2 days at 4I °C. Cultures were then shifted to 35 °C (control cultures being maintained at 4I °C) with or without simultaneous replacement of ET by CM. Cell counts were made in a haemacytometer after removal of the cells with trypsin.
[2-aH]-deoxyglucose uptake. This was based on the method of Weber (I973). Cultures were washed once in phosphate buffered saline (PBS) and incubated with [2-3H]-deoxyglucose in PBS (0.2 raM; I #Ci/ml) for 9 min at 21 °C. After washing 4 times in ice-cold PBS and extraction with 2 ml 5 % trichloroacetic acid (TCA), 0"5 ml samples were counted in Io ml Bray's scintillation fluid. The protein content of samples was determined by the method of Lowry et aL (I951) after solubilization in IN-NaOH.
[3H]-thymidine uptake. Cultures were incubated for i h with [3H]-thymidine (I #Ci/ml; Radiochemical Centre Amersham) in Eagle's medium at 35 °C, washed once in ice-cold PBS, twice in ice-cold methanol and allowed to air dry. Samples were solubilized in 0"7 ml of 0.2 N-NaOH, 0"5 ml of which was counted in I4 ml Bray's scintillation fluid after storing overnight at 4 °C.
Autoradiography. Cultures were incubated with [~H]-thymidine (4/zCi/ml) at 35 °C. After washing in PBS, TCA and methanol as for thymidine uptake, Kodak autoradiographic stripping film was attached to the dishes and exposed for 7 days. Dishes were then developed in DI9 developer and cells were stained lightly in giemsa, and examined for labelled nuclei. In one experiment colchicine (Sigma Chemical Co. ; I/~g/ml) was added to the cultures when they were shifted to 35 °C.
Release of infectious virus. Virus was harvested by replacing the medium with 2 ml flesh ET or CM (supplemented with 1% dimethyl sulphoxide), and collecting it I h later.
Infectivity was determined by a standard focus assay (Vogt, I969) .
RESULTS

Preparation of stationary cultures
A two-day exposure of LA24-infected cultures to serum-free medium rendered the cells stationary, with incorporation of [3H]-thymidine reduced to < Io % of the level attained 8 h after subsequent serum stimulation. To find out in which phase of the cell cycle the stationary cells were blocked, cultures were treated at the time of shift from 4I to 35 °C with colchicine (I #g/ml) to block cells at metaphase. After 7"5 h samples were labelled with [3H]-thymidine (I #Ci/ml) for I h and processed for autoradiography. The percentage of 
Uptake of [2-3H]-deoxyglucose
Ten hours after shifting such stationary cells from 4I to 35 °C the cell population, as viewed by low-power microscopy, had assumed a transformed morphology. Transformed cells have been shown to have a four-to tenfold increased uptake of [2-aH]-deoxyglucose compared to normal cells and this can be used to monitor the appearance of transformation (Hatanaka & Hanafusa, I97o) . The uptake of [2-aH]-deoxyglucose by these cells increased soon after shifting down and by 24 h had increased fivefold to a level similar to that of fully transformed cultures kept at 35 °C throughout ( Fig. ~ ).
Uptake of [3H]-thymidine
Uptake of [3H]-thymidine showed a steady increase on shift down in the ts-infected cultures, while there was no increase in the low level of uptake in the serum-free cultures kept at 4I °C (Fig. 2) . To establish whether the increased thymidine uptake was indicative of the initiation of DNA synthesis in the whole cell population, cells were incubated with 4 #Ci/ml [3H]-thymidine for I h at 2 h intervals and processed for autoradiography. From Fig. 3 it can be seen that the percentage of labelled nuclei shows a parallel increase to [3H]-thymidine incorporation, suggesting the cells were in the S phase of the cell cycle. It is possible that the overall increase in DNA synthesis and sugar uptake observed in the cultures resulted from a minority population of cells which was not synchronized by exposure to the serum-free medium. To test this possibility, medium containing serum was added back to parallel cultures at the time of shift ( Fig. I and 2) . The level of sugar uptake and DNA synthesis reached in these cultures was approached by those starved of serum, indicating that a minority of the viable cells could not be responsible for the magnitude of the observed increases. When cultures were incubated continuously with [~H]-thymidine for 25 h after shift and processed for autoradiography, the percentage of labelled nuclei, as seen in Fig. 4 , was 7o to IOO %, indicating that most cells were viable. In keeping with these observations, Table I * Cells were made stationary through medium depletion according to the method of Humphries and Temin (1974) .
Production of infectious virus
Virus release into the culture medium was measured throughout the course of the experiment in parallel cultures (Fig. 5 ) by harvesting the virus released into fresh medium (with or without serum) in I h. Cultures kept in serum-free medium showed a tenfold decrease in virus titres. Adding back medium containing serum at the time of shift restored this to the level found in cultures kept in serum throughout. The virus titre from cultures shifted to the permissive temperature showed a small increase consistent with the increased cell number, but remained much lower than that obtained with medium containing serum.
Since doing these experiments we have learned of the results of Humphries & Temin (I974), who synchronized tsNY68 SR-A-infected cells at the non-permissive temperature by growing them in 1.8 % foetal calf serum containing medium until it is depleted of multiplication stimulating factor. They found no reduction in virus titre after synchronization by this method, and re-addition of medium containing serum did not significantly change the titre of the virus produced. We have confirmed this observation in cells infected with LA24, and synchronized by their method (Table 2) .
DISCUSSION
Cells infected with the tsRSV mutant LA24 are phenotypically normal at 41 °C and can be arrested between mitosis and the S phase of the cell cycle by exposure to serum-depleted medium. On a shift to 35 °C these cells transform (Fig. I) , synthesize DNA (Fig. 2) and increase in cell number (Table I ). These data suggest that passage of the cells through their growth cycle in the absence of serum factors needed for the growth of untransformed cells is related to expression of the virus ts transforming function. This finding agrees with that of Renger & Basilico (I972) , who used a cell line ts for expression of SV4o transformation but contrasts with that of Leong, Levison & Bishop (I972) , who found that wild-type RSVtransformed cultures were rendered stationary by incubation in serum-free medium. A possible reason for this discrepancy is that the cultures of Leong et al. were probably blocked in G1 by a lowering of the medium pH as a result of the higher cell numbers in the system they used. Transformation may be unable to overcome a block of this kind.
Two observations suggest that the induction of the virus-transforming function is the cause of the cells overcoming the cell cycle block. Firstly, temperature shift alone induces cells to incorporate thymidine to a level approaching that seen in cultures fed with medium containing serum. Secondly, the increase in thymidine incorporation in serum-free medium occurs reproducibly less rapidly in three experiments than the increase when serum containing medium was added at the time of shift (Fig. 2) . The delay seen in the absence of serum may reflect a need for the ts virus function to operate before cells can proceed through their cycle. It will now be interesting to determine what effect inhibitors of various parameters of virus-induced cell transformation have on this cell cycle stimulation.
One aim of this study was to define methods of synchronizing mass cultures of RSVtransformed cells. Although transformation on shifting to 35 °C is satisfactory, the onset of cell DNA synthesis in the absence of serum appears relatively asynchronous, and a better hope for achieving synchrony lies in the addition of serum at the time of shift to permissive temperature. A delay is seen in stimulation of 2-deoxyglucose transport by serum addition compared to that observed by Sefton & Rubin (I97I) . This could be because our experiments used serum-free rather than serum-depleted medium to achieve the stationary cultures. When methods of synchrony have been perfected it will be possible to study the expression of transformed cell parameters at different stages of the cell cycle. The experiments reported here only permit the conclusion that the expression of the transformed phenotype may reappear in such cells prior to a complete round of DNA synthesis, a finding agreeing with the observation of Martin et al. (I970 that infected cells transform on shifting to 35 °C in the presence of an inhibitor of DNA synthesis. These observations do not eliminate the possibility that transformation may be affected by cellular factors which are produced at specific times in the cycle but which persist through one or more cycles. Synchronized cells which have been maintained in a stationary untransformed state long enough for such factors to decay are needed to investigate this. The use of different transformation defective ts mutants further broadens the scope of such an approach.
The finding that production of infectious virus is reduced in cells maintained in serum-free I34 J.G. BELL, J. A. WYKE AND I. A. MACPHERSON medium agrees with that of Leong et al. (1972) . However, we have also confirmed with LA24 the observation of Humphries & Temin (1974) that virus replication is normal when cells are incubated in medium depleted of serum multiplication stimulating factor (Table 2) . We conclude that a component in serum, distinct from the multiplication stimulating factor, is needed for normal virus production. When fresh medium containing serum is added to serum-free cultures the onset of virus production is rapid (Fig. 5 ), suggesting that replication is blocked at a late stage of maturation or release. The data of Leong et al. (I972) can be interpreted similarly. An alternative possibility, the failure of virus RNA transcription in serum-free cultures, seems less likely in view of this rapid appearance of virus and the fact that some virus RNA is presumably transcribed since the cells transform in the absence of serum. The possible blocks to virus production in the absence of serum should now be investigated more fully.
